The relationship between off-scale perception and the perception of simultaneity of two pure tones presented almost simultaneously is studied. The characteristics of off-scale perception and the perception of simultaneity were measured as a function of the onset asynchrony between the two quasi-simultaneous tones. The experimental results revealed that off-scale perception is affected by the onset asynchrony of about 30 ms even when listeners cannot detect the asynchrony. It is reported that there exists an onset asynchrony of about 30-40 ms among sounds generated by natural musical instruments in an ensemble. This study is important for revealing the auditory characteristics used to judge the appropriateness of the tone height of sounds in a musical performance, as this judgement depends substantially on the listeners's off-scale perception.
INTRODUCTION
Listeners evaluate the technical quality of the musical sounds in a performance in terms of the appropriateness of the agogics, dynamics, and tone height. Judging the appropriateness of tone height plays a basic role in evaluating sounds produced by natural instruments, particularly those of string instruments having no frets. This judgment depends substantially on the characteristics of listener's off-scale perception. Off-scale sensation is perceptual curiosity that a listener feels concerning pitch of a tone when he/she tries to assign the tone as one of the notes in a framework of a personally established musical scale.
In relation to off-scale perception, frequency discrimination for successive tones has been studied. The difference limen has been primarily measured as an index representing the frequency-discrimination ability of subjects. Early studies in frequency discrimination measured FMDL (difference limen for frequency modulated tones) [1] . Recent studies have concentrated on measuring DLF (frequency difference limen) [2, 3] by using two successive tones having slightly different frequencies. The effects of musical context on frequency discrimination have also been studied for a series of successive tones [4] .
In the experiments mentioned above, tones were not simultaneously presented with the target tones. In actual music situations, however, sounds generated by musical instruments tend to overlap temporally. We have considered the situation in which a tone is presented simultaneously with the target tone. Off-scale perception under this condition has not been systematically studied. This condition has been addressed in studies on simultaneous masking [5] . The masking patterns of a pure tone by a simultaneously presented pure tone were obtained in early studies [6] . In recent studies on critical bands [7] , there have been many experiments on masking of a pure tone by noise. Pitch shifts were reported in masking of a pure tone by another pure tone [8, 9] , and in masking of a pure tone by noise [10] . These studies assumed exact onset synchronization among the tones. In actual musical situations, however, we cannot neglect onset asynchronization. Rasch measured onset asynchrony among different instruments in an ensemble and found that the asynchrony varied from 27 to 49 ms with a mean asynchrony of 36 ms [11] . Rasch also found that detection of a "high note" (a pure tone of higher frequency) in the presence of a "low note" (a pure tone of lower frequency) is strongly affected by the onset asynchrony between them. At an asynchrony of 30 ms, the detection threshold for the high note was roughly the same as when it was presented in isolation [12] . He also reported that the high and low tones were heard to start synchronously when the asynchrony is less than 30 ms. Bregman et al. studied the effect of onset synchrony when grouping pure tones together and found that an asynchrony of about 30 ms is the threshold at which tones sound like two separate tones or one composite one [13] .
These studies demonstrated that an asynchrony of about 30 ms appears to be the threshold of several aspects of tone perception. We call an asynchronicity of about 30 ms or less "quasi-simultaneity."
The purpose of the current study is to clarify the the relationship between off-scale perception and the perception of simultaneity of two pure tones presented almost simultaneously. The characteristics of off-scale perception and the perception of simultaneity were measured as a function of the onset asynchrony between two quasisimultaneous tones. 
OFF-SCALE PERCEPTION INDICES
The constant method [14] , which is the most accurate among traditional psychophysical methods, was used to measure the characteristics of off-scale perception.
For the experiment on off-scale perception, we prepared pairs of successive pure tones having various frequency ratios. The first tone was the target tone (tone T), and the second tone was the variable tone (tone V). Each pair was randomly presented to a subject, and the subject judged the relative height of tone V (frequency f V ) compared to that of tone T (frequency f T ) by using three response categories: "high," "same (or indistinguishable)," and "low." The response rate of "high," for example, is considered to be a psychometric function of f V / f T , so the response curve can be assumed to be a cumulative function of the normal distribution function ( Fig. 1(a) ). If the response rate is converted to a Z-score [15] , the resultant plots are expected to form a line ( Fig. 1(b) ). The abscissas of both figures represent the frequency ratio f V / f T in cent (a unit of frequency ratio, 1/100 of a semitone). The frequency limen, L, can be defined as the value on the abscissa corresponding to a Z-score of 0.
In addition to L, we introduce index W , defined as the line gradient in Fig. 1(b) , to express the characteristics of off-scale perception. The steeper, or more categorical the response curve in Fig. 1(a) becomes, the larger W becomes. Index W thus represents the width of the stochastic dispersion along a psychological continuum [16] in the frequency-discrimination process. A similar index called "dispersion width" was introduced by Tsuzaki [17] and was regarded by Burns [18] as an index representing the "discriminability" of a subject. Indices L and W can be defined also for the response category "low."
So W represents the ability of off-scale perception, whereas L signifies the limen of off-scale perception.
EXPERIMENT 1
In the first experiment, we measured the off-scale perception indices, L and W , of a pure tone presented with a quasi-simultaneous pure tone as a function of the onset difference between the tones.
Method

Subjects
Nine students majoring in music participated in the experiment as subjects. All subjects had normal hearing.
Stimuli
As shown in Fig. 2 , a frequency sweep tone (0 to 8 kHz, 2 s long) and white noise (0.2 s long) were successively presented at the beginning of each trial. These tones were introduced to cancel the pitch established in the preceding trials. After 1 s of silence, a series of stimulus tones was presented for 2.3 to 2.8 s.
The stimulus tone series shown in Fig. 2 consists of the tones depicted in Fig. 3 . Tones labeled T and V represent target tones and a variable tone, respectively, described in the previous section. Each tone labeled Q represents the quasi-simultaneous tone presented at almost the same time as each tone T. In each T-Q pair, the onset of tone Q was delayed by d from the onset of the tone T, where d was 0, 10, 20, 30, 40 or 50 ms, but tones T and Q were gated off at the same time. Tones T and Q had durations of d + t ov and t ov , respectively, where t ov (the overlap time) was 100 or 200 ms. The delay time d and overlap time t ov were fixed for the tones included in the stimulus tone series presented in each trial. The duration of V was fixed at 100 ms.
The durations of tones T, Q, and V included cos 2 onset and offset ramps of 5 ms long. The power of these three tones was equally set. The T-Q pair was presented four times in each trial, temporally separated by 400 ms of silence. The last T-Q pair and tone V were separated by 600 ms of silence.
The frequencies of tones T, Q, and V were set at f (A 4 ) · 2 α/1200 , f (C 4 ) · 2 α/1200 , and f (A 4 ) · 2 (α+β )/1200 Hz, respectively, where f (P) represents the frequency of pitch name P determined by equal temperament with a standard pitch of 440 Hz (A 4 ). The parameter α, a random value in the range −50 to +50, was introduced as a pedestal to cancel the pitch established in preceding trials. The parameter β ranged from β l to β u in steps of 10, where β l (= −50, −40, or −30) and β u (= +60, +70, or +80) were set to the appropriate values depending on the delay time d. The values for β were determined based on preliminary experiments. The reason for the asymmetrical assignment of values for β was to reduce the number of stimuli required to estimate L and W . 3.1.3. Procedure All variations in the tone stimuli described above were recorded on DAT (Digital Audio Tape) and randomly presented to the subjects through earphones (STAX Λ NOVA). Each variation in the stimulus tone series appeared 20 times in the trials.
The subjects were asked to judge the relative height of tone V compared to that of tone T, ignoring tone Q as much as possible.
Results and Discussion
Figures 4(a), (b), (c), and (d) show the mean L for "High" and "Low," the mean W for "High" and "Low," respectively, averaged over the nine subjects for each d and t ov . Open and solid circles represent t ov = 100 and 200 ms, respectively. Figures 4(a) and (b) show shifts of L to a higher frequency. Figure 4(b) , for example, shows that the L for "Low" was around +25 cent for d = 0 ms and t ov = 100 ms, i.e. subjects perceived that tone V was lower than tone T even if f V was higher than f T by around 25 cents. A similar phenomenon was reported by Zwicker et al.: the PSE (point of subjective equality) of a pure tone shifts up on the frequency axis when the tone is simultaneously masked by a lower frequency under certain conditions.
The [8] .
The L tended to decrease as d was increased. It is unlikely that this tendency was due to the duration changes of tone T, because L was almost insensitive to duration changes of tone T when T was not accompanied by tone Q (L is equivalent to the difference limen in this case) under our experimental conditions where the duration of T varied from 100 to 150 ms or 200 to 250 ms at the maximum in the frequency range about from 450 to 480 Hz [3] .
These results imply that onset asynchrony reduces the pitch shift. The decrement speed of L as a function of d tended to change at a threshold of about d = 30 ms for the four combinatorial cases spanned by the two overlap times (t ov =100, and 200 ms) and the two directions,"High" and "Low." The threshold value of about 30 ms coincides with that obtained in the experiment by Rasch [12] mentioned above.
The values of L for d = 0 ms were significantly larger than those for d = 30 ms for the four combinatorial cases described above, in which the minimum t was 2.98 (d f = 15, p < 0.01) for "High" and t ov = 200 ms.
Figures 4(c) and (d) show the slight tendency of W to increase as d increased for the four combinatorial cases. Such a tendency suggests that the ability of off-scale perception tends to increase slightly as synchrony between two tones decreases.
EXPERIMENT 2
As described above, Rasch found that the threshold in power for detecting a pure tone presented together with a quasi-simultaneous tone is strongly affected by onset asynchrony between these tones even when they sound as though they start synchronously [12] . A similar relationship may exist between off-scale perception and simultaneity perception. To verify this, we measured the characteristics of perceiving the simultaneity when listening to a pure tone together with a quasi-simultaneous tone as a function of the onset difference between them.
Method
Subjects
The subjects were the same as those in Experiment 1.
Stimuli
The temporal scheme of presentation was the same that used in Experiment 1. The variations in stimuli covered d = 0, 10, 20, 25, 30, 35, 40, and 45 ms for a single value of t ov = 200 ms. Only one T-Q pair was presented as a stimulus in each trial for the values of d described above.
Procedure
Tones were presented in the same way as in Experiment 1. In each trial, the subject judged whether tones T and Q started synchronously or not by using two response categories: "synchronous" and "asynchronous."
Results and Discussion
As shown in Fig. 5 , the mean response rate for "asynchronous" (averaged over nine subjects for each delay time d) increased as d was increased. The value d corresponding to a response rate of 0.5 (chance level) was about 30 ms. This value coincides with the threshold measured in the experiment by Rasch [12] .
CONCLUSION
The results of Experiment 2 suggest that listeners can barely perceive onset asynchrony between a pure tone and a quasi-simultaneous pure tone when the time difference between them is smaller than about 30 ms. The results of Experiment 1 suggest that L for d = 30 ms is smaller than that for d = 0 ms (exactly synchronous).
Therefore, we can conclude that the off-scale perception of a pure tone presented together with a quasisimultaneous tone is affected by the onset asynchrony between them at about the 30-ms level, below which can be barely perceived as onset asynchrony.
